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Abstract 
In this paper we present Finite Element models to optimize the Lorentz force actuation of a micro Coriolis mass flow 
sensor. The models specify several different configurations for the permanent magnets used to create the magnetic 
field for the actuation. The models are used to compare the different configurations with relation to the strength of the 
Lorentz force used for actuation. Using these models the magnetic field outside the sensor area has been reduced by 6 
orders of magnitude. The models have been validated with measurements. 
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1. Introduction 
Previously, we presented a micro Coriolis mass flow sensor with a flow range from 10 mg/h up to 
more than 1000 mg/h [1, 2]. The sensor uses a vibrating tube for measuring the mass flow. The vibration 
of the tube is actuated by the Lorentz force due to an electrical current through a metal track on top of the 
tube, which is placed in a constant magnetic field provided by two permanent magnets. Figure 1a shows a 
photograph of the chip and the two permanent magnets that were used. 
Major drawbacks of the design were the large package needed due to the relatively large permanent 
magnets (12 mm long and 5 mm diameter) and the large magnetic field outside the sensor caused by these 
magnets. Both these consequences are highly unwanted in the delicate systems the sensor is intended for. 
Therefore, we investigated the possibility of replacing the large external magnets by miniature magnets 
mounted directly on top of the silicon chip. Figure 1b shows a photograph of the sensor with two 
miniature magnets of 1 mm3. 
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(a)                                                     (b)                                                          (c) 
Fig. 1. (a) Photo of the micro Coriolis mass flow sensor with large magnets. (b) Photo of the micro Coriolis mass flow sensor with 
miniature magnets. (c) Schematic view of a Coriolis flow sensor. 
2. Theory 
The tube of the sensor is vibrated in a twisting mode indicated by Ȧam in Figure 1c. In the figure, B is 
the magnetic field caused by the permanent magnets, ia(t) is the actuation current through a metal track on 
top of the tube. A mass flow ĭm will cause a Coriolis force Fc causing a flapping mode which is 
measured. Lx and Ly are the length of the tube in x- and y-direction, respectively.  The Lorentz force 
depends on the magnetic field and the actuation current. To improve the actuation, the magnetic field is 
modeled for optimization for this sensor. The theory and characterization of the existing chip has been 
described in [3]. 
3. Modeling and Simulations 
To optimize the magnetic field, eight different magnet configurations are investigated. Two of these 
configurations correspond to the sensors shown in Figure 1a and 1b and have been validated by 
measurements. A short description of all the configurations is given in Table 1. Schematic drawings are 
shown in Figure 2. The first configuration has the old 12 mm long cylindrical magnets with 5 mm 
diameter. All other configurations use small magnets of only 1 mm3 [4]. The last two configurations have 
ferromagnetic material inside the area of the loop. In the models, the miniature magnets are placed on top 
of the chip. An additional simulation is done using configuration 2 where the magnets are “embedded” in 
holes in the chip so they are at the same height as the tube. This increases the magnetic field strength at 
the tube by 34%.  
For all configurations the magnetic field distribution was calculated. For actuation of the Coriolis mass 
flow sensor, most important is the torque generated by the actuation current. Therefore, the magnetic field 
strength at the position of the tube was extracted from the results. Next, the component perpendicular to ia 
was weighted by the distance from the torsion axis, since the resulting torque is proportional to this value. 
Figure 3a shows the result along the length of the tube. Because of symmetry only one half of the tube is 
sufficient, see also Figure 3b.  
Integrating the data shown in Figure 3a over the length of the tube provides a measure for the total 
torque generated by the actuation current. In order to compare the various configurations to the original 
design, i.e. configuration 1, the calculated values were normalized with respect to this configuration. The 
resulting “normalized field strength” is listed in Table 1. It can be concluded that, for the configurations 
without (ferro)magnetic material in the rectangle of the tube, the Lorentz force on the long side (Lx) 
counteracts the force on the short side (Ly) of the tube. Placing magnets or ferromagnetic material inside 
the rectangle of the tube results in Lorentz forces having the same direction. 
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Fig. 2. Pictures of the 8 different configurations. The magnets are shown in dark grey and the ferromagnetic materials are shown in 
light grey. The black rectangle in each figure is the model of the tube and is 2.5 mm x 4 mm (Ly x Lx). 
            
(a)                                                                 (b) 
Fig. 3. (a) Simulation results of all eight configurations. The values on the x-axis correspond with the values shown in (b). 
# Description Normalized 
field strength 
1 Two large magnets next to the chip as was previously used in the sensor 1.00 
2 Two miniature magnets on the chip, one on each side of the tube 0.55 
2b #2, but with the magnets embedded in holes in the chip so that they are 
at equal height as the tube 
0.74 
3 Four miniature magnets on the chip, two on each side of the tube 1.03 
4 Three miniature magnets on the chip inside the tube area 2.61 
5 #3 and #4 combined 3.64 
6 11 miniature magnets aligned around and inside the tube area 4.38 
7 #2 with a ferromagnetic thin film inside the tube area (μr=10000) 0.71 
8 #2 with a ferromagnetic block inside the tube area (μr=10000) 0.82 
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4. Measurements 
In order to verify the model, measurements were carried out using sensors with magnets as in 
configurations 1 and 2. Two different methods have been used to compare the magnetic field. First, using 
a LakeShore 455 DSP Gaussmeter, the magnetic field of several of the large and miniature magnets was 
measured. The magnetic field on the chip is caused by two magnets, so to find the total field at each side 
of the tube, the field had to be measured at different distances from the magnets and added. For the large 
magnets, these distances are 8 mm and 12 mm (8 mm + Lx in Figure 2). For the miniature magnets, these 
distances are 1mm and 5mm. Due to spread in the magnets, there is some deviation in the magnetic field 
of different magnets. For the large magnets this gives a field of 38.5±2.5 mT and for the small magnets 
this gives 20.75±2.25 mT. Together, this gives a ratio between the fields of 1.85±0.3. The second method 
to verify the model is by comparing the amplitude of the vibration while applying an alternating current 
with constant amplitude. The amplitude of the vibration is proportional to the Lorentz force, which in turn 
is proportional to the magnetic field. Using this method, the field of the large magnets was found to be a 
factor 1.69±0.13 larger than the field of the miniature magnets. The measured values are in accordance 
with the factor of 1.82 (=1/0.55 shown in Table 1) that was found using the models.  
The measured magnetic field at the edge of the PCB (Figure 1a and 1b) was 400 mT with the large 
magnets and more than 6 orders of magnitude smaller with the small magnets. Even directly outside the 
sensor chip the magnetic field of the two small magnets was only 1 mT. Mass flow measurements 
presented in [5] show that the performance of the sensor did not deteriorate due to the change of magnets. 
5. Conclusion 
Several magnet configurations for actuation of a micro Coriolis mass flow sensor have been modeled 
and simulated using Finite Element Analysis. Measurements have been carried out to validate the models. 
The models show that miniature magnets can easily give a magnetic field of about half the strength of 
the large magnets. Optimizing the position and number of magnets, the magnetic field can even be 
significantly stronger. 
Using the miniature magnets, the physical size of the sensor, including the magnets, can be reduced by 
a factor of 3 because there is no need for the large magnets next to the chip. 
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